The main objective of this study was to evaluate the feasibility of the optoacoustic (OA) technique for the monitoring of HIFU therapy. Optoacoustic phenomenon is the generation of wideband ultrasonic transients through absorption of laser radiation and subsequent expansion of the heated volume. The excited OA transient can be detected by a wideband piezo-electric transducer and contains information on the distribution of optical properties (absorption and scattering) within the medium. If thermal lesions have different optical properties than the untreated tissue, the lesions will be detectable on the OA waveform. We used boiled and raw porcine liver as phantoms mimicking treated and untreated tissue correspondingly. Optical attenuation, absorption and scattering coefficients of raw and boiled porcine liver were measured by the optoacoustic technique, previously developed by our group [4] . Measured optical absorption in raw liver was at least two times lower than in boiled liver at the laser wavelength of 1064 nm. Then OA technique was employed to detect a lesion produced by a 1.1 MHz focused ultrasound in a liver sample. The lesion was about 2 mm thick located about 1 cm below tissue surface. The feasibility and high promise of the OA approach to lesion detection was demonstrated.
INTRODUCTION
Monitoring of HIFU therapy is a very important and rapidly developing field of research. Today several techniques are being applied to visualization of HIFU lesion formation, including MRI, conventional ultrasound and elastography [1] . In present work a new method for noninvasive monitoring of HIFU therapy is proposed -the optoacoustic (OA) method.
This method is based on the optoacoustic phenomenon [2] : if an optically absorbing medium is irradiated by a short laser pulse, it is instantaneously heated through light absorption. Due to heating the medium expands, that produces a wideband ultrasonic pulse. This OA signal contains information on the distribution of optical properties within the medium. If the signal is properly detected, the distribution of heterogeneities having different optical properties can be reconstructed. This technique has already been applied to early breast cancer diagnostics [3] . Therefore, if thermal lesions have different optical properties than the untreated tissue, they are detectable by the optoacoustic technique. Utilization of an array of detectors would make it possible to reconstruct the image of the treated volume.
MEASUREMENT OF THE OPTICAL PROPERTIES OF RAW AND BOILED PORCINE LIVER

Materials and Methods
The first set of experiments included measuring of the optical properties of thermal lesions, which were modeled by pieces of boiled porcine liver, and the untreated tissue -raw porcine liver. At the first step the effective light attenuation coefficient was measured. The measurement method is based on the following argumentation [4] . The leading edge of the OA signal repeats the in-depth distribution of heat release within the medium, which in turn corresponds to the absorbed light energy. In case of homogenous medium the indepth light intensity distribution I(z) at some distance from the boundary [4] is exponential:
where µ eff is light attenuation coefficient. It depends on both absorption µ a and reduced scattering µ' s coefficients:
(2) Therefore, the OA signal will also have an exponential leading edge with the factor being µ eff . In order to record this exponential edge correctly, one needs to detect the signal in so called "forward mode" (Fig. 1  top) : the medium under investigation is located between the receiving transducer and the laser beam.
The diagram of the experimental setup is presented in Fig. 1 (top) . Q-switched Nd:YAG laser operating at the wavelength 1064 nm was employed for the generation of the OA transients. Laser pulse duration was about 12 ns at the 1/e level, the optical flux was 5-15 mJ/cm 2 . The diameter of the laser beam at the surface of the sample was made sufficiently large -(about 2 cm) to minimize the effect of the OA wave diffraction. Fused silica lid was used to provide rigid acoustic boundary at the surface of the sample. The OA signals were detected by a wideband transducer made of 110 µm thick PVDF film backed by Plexiglas. The transducer shape was circular, 2 cm in diameter. The signals were amplified and fed into digital oscilloscope. Light attenuation coefficient was measured by fitting an exponential function to the leading edge of recorded signal.
At the second step, light absorption coefficients of raw and boiled liver were measured. The main measurement principle is the following. The amplitude of the OA signal p is proportional to the optical absorption coefficient of the medium µ a . Therefore, if one records a reference OA signal from a medium with known light 
In our case the reference medium was milk, having light absorption coefficient µ a ref = 0.18 cm -1 [4] . Therefore, for light absorption measurement one only needs the amplitude of the OA transient, that is why the signals were detected in a so called "backward mode", that does not allow to record the signal shape correctly, but is more convenient. As shown on the top part of Fig.1 , in case of backward detection the laser beam and the detector are at the same side of the sample. To deliver laser light to the sample we used a fused silica cube made of two prisms glued together with a mirror between them that was optically reflective but acoustically transparent (see Fig.1 ). The receiving transducer was acoustically coupled to the cube.
Knowing absorption and attenuation coefficients it is possible to calculate the reduced light scattering coefficient:
Seven porcine liver samples of about 2 x 2 x 2 cm size were tested.
Before the experiments liver samples were soaked in deionized water and degassed for two hours in a vacuum chamber. After optical properties of raw liver were measured, the samples were boiled, cooled and tested again. It is important to mention here that at 1064 nm laser wavelength blood is a strong optical absorber [5] . Since liver has a very high blood content, if all the blood stayed inside, it would dominate the measurements. During the degassing most of the blood was pushed out of the liver. Therefore, measured optical properties were those of the liver tissue itself.
Results
The OA signals from boiled and raw liver samples recorded in forward mode are presented in Fig 2 As seen, the leading edge of the signals can be fit well by an exponential function. In case of boiled liver the slope is much steeper than in case of raw liver, which is the evidence of higher absorption and scattering in the boiled liver. The examples of the OA signals from raw and boiled liver and milk (reference medium) detected in backward mode are presented in Fig. 3 (bottom) . Optical properties calculated according to these measurements are listed in Table 1 . Though there is some variance from sample to sample, both absorption and scattering in raw liver are at least twice lower than those in boiled liver.
OA LESION DETECTION
HIFU system to induce thermal lesions included a focused 1.092 MHz transducer, a function generator and an amplifier. The transducer was 10 cm in diameter, its focal length was 10 cm. Porcine liver sample was fixed in a special holder to avoid its movement during the sonication. Both liver holder and the transducer were immersed into degassed water. The sample was sonicated for 20 seconds, focal intensity being 1000 W/cm 2 . The resulting thermal lesion was not seen on the surface of the sample. After the OA testing the sample was cut open, as shown in Fig. 4 . The lesion had a classic tadpole shape caused by cavitation due to relatively long sonication time.
For lesion detection we used the same PVDF transducer as for optical properties measurements. The sonicated sample was acoustically coupled to the transducer, the assumed lesion being parallel to the plane of the detector. The laser beam in this case was made narrow -about 4 mm -and was scanned across the sample as shown in Fig. 5 . The optical flux at the surface of the sample was about 9 mJ/cm 2 , which is ten times below medically safe threshold.
The strongest signal from the lesion, that was recorded when the laser beam seemed to be right above the lesion, is shown in Fig. 6 on the left. The duration of the signal from the lesion allowed to determine its thickness -1.8 mm, that coincides with the actual size of the lesion. The signal presented in Fig. 6 on the right was acquired when the laser beam was moved to the edge of the sample. In this situation light could not reach the lesion and there is no signal from the lesion on the exponential edge.
CONCLUSIONS AND PERSPECTIVES
Optical attenuation, absorption and scattering coefficients of raw and boiled porcine liver modeling the untreated tissue and HIFU lesion were measured by the OA technique. The contrast in absorption between raw and boiled liver tissue was shown to be at least two times.
HIFU lesion induced in a piece of porcine liver was detected by the OA method. The lesion was about 1.8 mm thick and was located at depth of about 1 cm below the laser irradiated surface. The laser flux at the surface of the sample was about ten times below medically safe threshold.
The one-element detection system employed in this study was not designed for lesion detection. In an in-vivo situation one would rather use an array of transducers as, for example, the one described in [6] , that would allow to reconstruct the image of the lesion. Concerning the maximum depth of lesion detection, it highly depends on the organ being imaged. For example, it was shown [7] that a 3 mm absorbing object in breast can be detected at depth of up to 5 cm. Therefore, the most probable applications for OA lesion detection method would be monitoring of breast cancer treatment or prostate cancer treatment. On the contrary, it is most likely not applicable to treating tumors in organs with high blood content (liver, kidneys), because blood is a very strong light absorber and the light will not get deep enough [8] . In our experiments most of the blood was pushed out of the liver to avoid this effect.
